Pharmacologic inactivation or genetic deletion of adenosine A 2A receptors protects ischemic neurons in adult animals, but studies in neonatal hypoxia-ischemia (H-I) are inconclusive. The present study in neonatal piglets examined the hypothesis that A 2A receptor signaling after reoxygenation from global H-I contributes to injury in highly vulnerable striatal neurons where A 2A receptors are enriched. A 2A receptor immunoreactivity was detected in striatopallidal neurons. In nonischemic piglets, direct infusion of the selective A 2A receptor agonist CGS 21680 through microdialysis probes into putamen increased phosphorylation of N-methyl-D-aspartic acid (NMDA) receptor NR1 subunit and Na þ ,K þ -ATPase selectively at protein kinase A (PKA)-sensitive sites. In ischemic piglets, posttreatment with SCH 58261, a selective A 2A receptor antagonist, improved early neurologic recovery and preferentially protected striatopallidal neurons. SCH 58261 selectively inhibited the ischemia-induced phosphorylation of NR1, Na þ ,K þ -ATPase, and cAMP-regulated phosphoprotein 32 KDa (DARPP32) at PKA-sensitive sites at 3 hours of recovery and improved Na þ ,K þ -ATPase activity. SCH 58261 also suppressed ischemia-induced protein nitration and oxidation. Thus, A 2A receptor activation during reoxygenation contributes to the loss of a subpopulation of neonatal putamen neurons after H-I. Its toxic signaling may be related to DARPP32-dependent phosphorylation of PKA-sensitive sites on NR1 and Na þ ,K þ -ATPase, thereby augmenting excitotoxicity-induced oxidative stress after reoxygenation.
INTRODUCTION
Adenosine, a potent neuromodulator in the brain, works through its G protein-coupled receptors to modulate numerous physiologic functions, including neuronal excitability and release of neurotransmitters such as glutamate. Cerebral ischemia is known to increase the brain's extracellular concentration of adenosine. 1 Whereas adenosine A 1 receptors are thought to play a protective role by limiting presynaptic glutamate release, postsynaptic G scoupled A 2A receptors are thought to contribute to ischemic injury. 2 In adult animals, pharmacologic inhibition or genetic deletion of A 2A receptors reduces neuronal injury after global and focal cerebral ischemia. 3, 4 In contrast to these studies on the adult brain, only a few studies have been reported on the role of A 2A receptor in neonatal hypoxia-ischemia (H-I), and these have provided inconsistent results. One study showed that genetic deletion of A 2A receptors in immature mice aggravated neuronal injury. 5 Another study found that treatment with A 2A receptor antagonist after the insult provided moderate protection in postnatal rats but that pretreatment was ineffective. 6 Therefore, the role of A 2A receptors in neonatal H-I remains unclear.
Postsynaptic A 2A receptors are concentrated in striatal medium spiny neurons that project to globus pallidus. 7 Their function is thought to be analogous to that of dopamine D1 receptors, which are localized in striatal medium spiny neurons that project to substantia nigra. 8, 9 D1 receptors, which are also Gs protein-coupled receptors, control neuronal excitability and glutamatergic neurotransmission via protein kinase A (PKA)-dependent phosphorylation of various proteins, such as the dopamine-and cAMP-regulated phosphoprotein 32 kDa (DARPP32), N-methyl-D-aspartic acid (NMDA) receptor, and Na þ ,K þ -ATPase. 10 Treatment of newborn piglets with the selective dopamine D1 receptor antagonist SCH 23390 reduced the H-I-induced phosphorylation of DARPP32, NMDA receptor NR1 subunit, and Na þ ,K þ -ATPase selectively at PKA-dependent sites; partially restored Na þ ,K þ -ATPase activity; lessened protein nitration; and partially protected striatal neurons from H-I injury. 11 These observations raise the possibility that activation of A 2A receptors contributes to striatal neuronal injury by PKAdependent phosphorylation of key proteins involved in excitotoxicity, analogous to the actions of D1 receptors. Whereas A 2A receptor activation has been shown to increase DARPP32 phosphorylation at Thr34 in vitro, 12 effects of A 2A receptor signaling on NR1 and Na þ ,K þ -ATPase have not been well studied. In the current work, we produced asphyxic cardiac arrest in newborn piglets to induce neurodegeneration in the selectively vulnerable putamen, 13 where H-I induces PKA-and PKCdependent phosphorylation of the NMDA receptor NR1 subunit and Na þ ,K þ -ATPase. 11, 14 This model allows us to evaluate the role of A 2A receptors in neonatal H-I and to determine whether the A 2A receptor-cAMP-PKA pathway is involved in ischemic neuronal
injury. Here, we tested the hypotheses that systemic administration of SCH 58261, a selective adenosine A 2A receptor antagonist, (1) protects striatal neurons from H-I injury, (2) attenuates H-Iinduced increase in phosphorylation selectively at PKA-sensitive sites on DARPP32, NMDA receptor NR1 subunit, and Na þ ,K þ -ATPase, (3) improves recovery of Na þ ,K þ -ATPase activity, and (4) reduces nitrosative and oxidative stress.
To evaluate whether protection by the A 2A receptor antagonist was selective for striatopallidal neurons expressing A 2A receptors compared with striatonigral neurons expressing D1 receptors, we used immunohistochemistry of Grp6-and Ebf1-positive cell bodies as a surrogate marker of neurons expressing A 2A and D1 receptors, respectively, in the neuropil. Because A 2A receptors are also expressed on vascular smooth muscle, we examined whether the antagonist affected the recovery of cerebral blood flow (CBF) after H-I. Finally, we determined whether the direct infusion of selective adenosine A 2A receptor agonist CGS 21680 into nonischemic putamen via microdialysis could recapitulate the pattern of H-Iinduced protein phosphorylation that was specifically sensitive to inhibition by the A 2A receptor antagonist.
MATERIALS AND METHODS
All experimental protocols were approved by the Animal Care and Use Committee of the Johns Hopkins University and performed in accordance with National Institutes of Health guidelines. A total of 88 male piglets (2 to 2.5 kg, 4-7 days old) were used in this study.
Asphyxic Cardiac Arrest
Asphyxic cardiac arrest was produced as described previously. 11 In brief, piglets were anesthetized with pentobarbital (50 mg/kg, intraperitoneal) and orally intubated. The femoral artery and vein were catheterized under aseptic conditions. Inspired O 2 was decreased to 10.0 ± 0.2% for 40 minutes (hypoxia). Then, piglets were ventilated with 21% O 2 for 5 minutes (required for cardiac resuscitation) before their airway was occluded for 7 minutes (asphyxia, to produce cardiac arrest). Piglets were resuscitated by mechanical ventilation with 50% O 2 , manual chest compressions, and, if necessary, intravenous injection of epinephrine until return of spontaneous circulation. After resuscitation, inspired O 2 was gradually reduced to 30% to maintain arterial O 2 saturation greater than 95%. Sham-operated animals received only catheterization but no hypoxia or asphyxia. Arterial blood pressure, arterial blood gases, pH, glucose concentration, and rectal temperature were monitored until piglets regained consciousness. Those surviving for 3 hours for biochemical measurements and 6 hours for CBF measurements were kept sedated with a continuous intravenous infusion of fentanyl (10 mg/kg per hour) and pancuronium (0.2 mg/kg per hour).
A low (0.01 mg/kg), medial (0.1 mg/kg), or high (1 mg/kg) dose of the A 2A antagonist SCH 58261 (Sigma-Aldrich, St Louis, MO, USA) was injected intravenously at 5 minutes of recovery or at an equivalent time in shamoperated piglets. The loading dose was followed by a corresponding continuous infusion of 0.0033 mg/kg per hour (low dose), 0.033 mg/kg per hour (medial dose), or 0.33 mg/kg per hour (high dose) for 6 hours. Vehicletreated piglets received the equivalent volume of 0.5% DMSO in 0.9% saline. Neuronal cell death in putamen progresses between 6 and 24 hours after reoxygenation. 13, 15 Neuronal damage was evaluated after 4 days of recovery to allow for a possible delay in the maturation of injury after SCH 58261 treatments. For biochemical and CBF studies, the medial dose was selected because it showed the greatest mean protection among the three doses. Biochemical measurements were made at 3 hours of recovery to avoid the effect of later neuronal loss on the measurements. In another experiment, piglets were pretreated with the medial dose of SCH 58261 15 minutes before the start of H-I.
Cerebral Blood Flow Measurement
In separate cohorts of piglets, cortical perfusion was monitored continuously by laser-Doppler flowmetry (LDF) (Moor Instruments, Axminster, UK) until 6 hours of recovery. The laser-Doppler probe was placed on the cortical surface (8 mm anterior and 4 mm lateral from the bregma) through a small craniotomy and an incision in the dura.
CGS 21680 Infusion
To examine the effects of A 2A receptor activation on phosphorylation of key proteins in vivo, we inserted a microdialysis probe (CMA 12; CMA/ Microdialysis, Solna, Sweden) into the putamen (8 mm anterior and 7.5 mm lateral from the bregma; 16.5 mm below the dura) of piglets that did not undergo H-I. Artificial cerebrospinal fluid was perfused at a rate of 2.5 mL/ min through the probe without recirculation for 1 hour starting 1 hour after implantation. Then, the infusate was switched to 10 mmol/L CGS 21680 (Tocris, Bristol, UK) or vehicle (0.05% DMSO in artificial cerebrospinal fluid) for another hour, after which the piglets were perfused transcardially with ice-cold phosphate-buffered saline. The putamen was rapidly dissected bilaterally and processed for western blot analysis. On western blots, the optical density for the putamen ipsilateral to the vehicle or drug perfusion for each brain was normalized by the optical density for the contralateral putamen that had no infusion.
Western Blotting
Tissues were homogenized, and membrane-enriched fractions were collected, as described previously. 11 Twenty microgram protein samples were separated by 4% to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. The membranes were probed with the following primary antibodies: mouse anti-NR1 (1:1,000; BD Pharmingen, San Jose, CA, USA), rabbit anti-phospho-NR1 Ser896, anti-phospho-NR1 Ser897 (1:1,000; Millipore, Billerica, MA, USA), mouse anti-Na þ ,K þ -ATPase a1 (1:10,000; Sigma-Aldrich) or Na þ ,K þ -ATPase a3 (1:10,000; Affinity Bioreagents, Golden, CO, USA), rabbit antiphospho Na
(1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-synaptophysin (1:20,000; Millipore), and mouse anti-nitrotyrosine (1:40,000; Millipore). Synaptophysin was used as a protein loading standard for membraneenriched fractions.
Protein Oxidation Assay
Oxidative modification of proteins in putamen at 3 hours after H-I was determined with an OxyBlot protein oxidation detection kit (Millipore) for carbonyl groups, as described previously. 16 Na
The biochemical activity of Na þ ,K þ -ATPase was measured in putamen samples obtained at 3 hours of recovery as described previously. 11 In brief, cell membrane-enriched putamen samples were reacted with/without ouabain in the presence of ATP. The enzymatic hydrolysis of ATP was terminated by adding trichloroacetic acid. The ATPase activity was measured as a function of ouabain-sensitive liberation of inorganic phosphate by the colorimetric assay.
Neurobehavioral Assessment
In the 4-day survivors, a neurologic deficit score (0 ¼ best outcome, 154 ¼ worst outcome) was used to quantify overall neurologic function based on seven different components: (1) level of consciousness; (2) brain stem function; (3) sensory responses; (4) motor function; (5) behavioral activities; (6) spatial orientation; and (7) excitability. 17 Histologic, Immunohistochemical, and Double Immunofluorescence Staining Anesthetized piglets were perfused transcardially with ice-cold phosphate-buffered saline and 4% paraformaldehyde at 3 hours or 4 days of recovery. Brains were removed and bisected mid-sagittally. For those recovering 4 days from sham surgery or H-I, the left forebrain was cut into 1-cm slabs and embedded in paraffin for histology with hematoxylin and eosin staining of 10-mm sections and the assessment of viable neurons by profile counting. The right forebrain was cryoprotected, frozen, and cut into serial 60-mm coronal sections through the putamen for stereological analysis of viable neurons in putamen and for immunohistochemistry. Neuronal cell death in putamen is normally complete within 1 day of recovery. 13, 15 To allow for the possibility that drug treatment might delay neuronal cell death, viable neurons were counted at 4 days of recovery.
Profile counting was performed on three level-matched sections in anterior, medial, and posterior putamen (bregma level: þ 15 mm, þ 9 mm, and þ 5 mm). 18 For each section, an experimenter blinded to treatment counted the number of ischemic and nonischemic neuronal profiles in seven, randomly chosen, nonoverlapping microscopic fields at 1000 Â power. The values were averaged from 21 fields to obtain a single value of viable neurons per square millimeter for each piglet to be used in the statistical analysis. We used double immunofluorescence staining to assess whether A 2A receptor and Ebf1 or Gpr6 are colocalized in striatal neurons. Sections were blocked in 10% normal horse serum and incubated with primary antibodies overnight at 41C. Primary antibodies included mouse anti-A 2A receptor and rabbit anti-Ebf1 (1:100; Santa Cruz) or rabbit anti-Gpr6 (1:100; MBL International, Woburn, MA, USA). Antibody binding was visualized by incubating sections with Alexa Fluor 488-or Alexa Fluor 555-conjugated secondary antibodies (1:500; Invitrogen, Eugene, OR, USA).
Immunohistochemical assessments were made on Ebf1 and Gpr6 in sham-operated and H-I piglet brain. Free-floating sections were blocked in 10% normal horse serum and incubated with anti-Ebf1 or anti-Gpr6 antibody, followed with biotinylated IgG (1:200; Vector Laboratories, Burlingame, CA, USA) and VECTASTAIN Elite ABC reagent (Vector). Immunostaining was developed with diaminobenzidine (Vector) as a chromogen. Negative controls were treated without primary antibodies and showed no positive signals. For quantification of immunoreactivity, seven 400 Â optical fields were randomly selected in each anterior, medial, and posterior putamen section (bregma level: þ 15 mm, þ 9 mm, and þ 5 mm), 18 and the number of immunopositive cells was quantified with ImageJ software (version 1.42q, NIH).
Stereological Measurements
We used unbiased stereology to gain a more detailed estimate of the total number of viable neurons in the entire putamen for the group that received the medial dose of SCH 58261. The low-and high-dose groups were not subjected to this analysis because profile counting indicated no additional benefit with these doses. Comparisons were made among the vehicle-treated and drug-treated sham and H-I groups. Stereological measurements were made by using a Nikon Eclipse 90i microscope (Nikon, Tokyo, Japan) attached to a Qimage Retiga-2000R camera, which was connected to a workstation with Stereo Investigator software (Version 10; MicroBrightField, Williston, VT, USA). A set of cresyl violet-stained sections of 60-mm thick were selected at random from every 16 evenly spaced sections of the entire rostrocaudal extent of the piglet putamen.
We used an optical fractionator method to estimate the number of neurons in the putamen under 40 Â objective lens. The optical disector height (thickness) was 12 mm with a 2-mm top and bottom guard zone. A viable neuron could be distinguished from glia based on its size, presence of a visible rim of cytoplasm around the nucleus, and a prominent nucleolus. A neuron was counted only when its nucleus first came into focus within the optical disector counting frame. It was not counted when its nucleus came into focus within the guard zone or if the nucleus was touching the left or bottom side of the disector frame. The mean section thickness, measured at every counting frame site, was used for final calculation of the number of neurons in the putamen.
The putamen volume of each region was estimated with the Cavalieri method. This method was implemented by summing the number of intersecting points on a defined grid that fell within the target area. The calculation of the volume of putamen is based on the number of points of grid counted within the putamen, the grid spacing area (1.2 mm 2 ), the section thickness (60 mm), and the distance between sections (960 mm). 
Data and Statistical Analysis
All values are expressed as means±s.d. The neurologic deficit score was analyzed by two-way analysis of variance (ANOVA) for repeated measures. Other measurements were analyzed with Student's t-test for comparing two groups or with one-way ANOVA followed by the Student-NewmanKeuls multiple range test for comparing more than two groups. Po0.05 was considered as statistically different.
RESULTS

Neuronal Damage in Striatum After Hypoxia-Ischemia
Successful resuscitation from H-I was achieved in 49 of 68 piglets, including 35 of 47 piglets intended for 4-day survival for neurobehavioral and histologic assessment. Within individual 4-day survival groups, successful cardiac resuscitation was achieved in 8 of 10 piglets in the vehicle group, 1 of 6 piglets in the SCH 58261 pretreatment group, 8 of 9 piglets in the low-dose SCH 58261 posttreatment group, 9 of 11 piglets in the medial-dose SCH 58261 posttreatment group, and 9 of 11 piglets in the highdose SCH 58261 posttreatment group. Some piglets were euthanized early because of inability to extubate within 10 hours of recovery or severe generalized seizures (0/1 (no extubation/ seizures), 1/0, 0/1, 1/0, and 1/1 in the vehicle, SCH 58261 pretreatment, and low-, medial-, and high-dose SCH 58261 posttreatment groups, respectively, resulting in 7, 0, 7, 8, and 7 survivors in these groups). Because piglets pretreated with SCH 58261 were difficult to resuscitate and did not survive, we did not carry out any additional pretreatment studies.
Piglets that received posttreatment had similar levels of arterial PO 2 without arterial hypotension during the 40-minute period of hypoxia. They also exhibited comparable decreases in arterial pressure, PO 2 , and pH and increases in arterial PCO 2 during the period of airway occlusion (Supplementary Table) . After SCH 58261 treatment was begun at 5 minutes after resuscitation, arterial PO 2 , PCO 2 , pH, and mean arterial pressure remained in the normal physiologic range and showed no significant difference from values in the vehicle-treated group over the first 3 hours of recovery before the piglets regained consciousness.
To determine if SCH 58261 affected recovery of CBF, we monitored cortical perfusion in a separate cohort of piglets treated with vehicle (n ¼ 4) or the medial dose of SCH 58261 (n ¼ 4). Hypoxia produced the expected increase in perfusion, and asphyxia produced the expected decrease in perfusion that accompanies hypotension (Figure 1 ). After resuscitation, the initial postischemic hyperemia was similar between groups, and no delayed hypoperfusion was detected in either group.
At 4 days of recovery, sham-operated piglets exhibited normal striatal cytoarchitecture and cellular morphology. Consistent with previous work, 11, 13 H-I distorted the anatomic structure, with neurons exhibiting cytoplasmic microvacuolation, eosinophilia, and nuclear pyknosis in striatum (Figure 2A ). Because the numbers of viable neurons in vehicle-treated and SCH 58261-treated sham piglets (n ¼ 4 each) were not significantly different, their values were combined into one sham group for statistical comparisons with values in the H-I groups. Profile counting indicated that the number of viable neurons in the putamen of the H-I vehicle group was 19 ± 9% of that in the sham-operated piglets. This value was not different from that obtained in previous work with other vehicle treatments.
11 With low-, medial-, and high-dose SCH 58261 treatment, more viable neurons were evident, although a considerable number of pyknotic cells were still present. The number of viable putamen neurons was significantly increased to 33±8%, 43±11%, and 40±9% after low, medial, and high doses, respectively. However, no significant difference was detected among these three doses of SCH 58261 ( Figure 2B) . The neuronal injury produced by H-I was less severe and more variable in the caudate nucleus than in the putamen. The number of viable neurons, expressed as a percentage of the mean value of the sham groups, was 44 ± 35%, 63 ± 26%, 56 ± 24%, and 66 ± 26% in the groups treated with vehicle and low, medial, and high doses of SCH 58261, respectively. These values were not significantly different.
No neurobehavioral abnormalities were observed in shamoperated piglets treated with vehicle or SCH 58261. In contrast, neurobehavioral deficits were evident after H-I, as published previously. 11 Most vehicle-treated piglets showed impaired consciousness, no light and/or no auditory reflexes, and low muscle tone; some failed to exhibit a response to pain stimulation on the first day of recovery. These deficits diminished on subsequent days. Two-way repeated measures ANOVA indicated an overall protective effect of the three doses of SCH 58261 treatment (Po0.001) and time (Po0.001) ( Figure 2C ). No significant difference was found among groups treated with different doses of SCH 58261.
We used unbiased stereolgy to obtain an estimate of the total number of surviving neurons in the putamen and the volume of putamen after medial-dose SCH 58261 treatment. This method reduces possible bias from brain shrinkage caused by cell loss or tissue processing and from possible variance in the anteroposterior viable cell distribution. Examples of putamen boundaries at different coronal levels are shown in Figure 3A . SCH 58261 and H-I had no significant effect on the volume of the putamen ( Figure 3B ). The antagonist did not change the number of putamen neurons after sham surgery. However, SCH 58261 significantly increased the total number of viable neurons in putamen at 4 days of recovery from H-I ( Figure 3C ). Linear regression analysis on viable neurons showed a close relationship between stereological counts and profile counting (r ¼ 0.96; Figure 3D ). Effect on Na þ ,K þ -ATPase Phosphorylation and Activity and on DARPP32 and NR1 Phosphorylation Treatment of sham-operated piglets with SCH 58261 (n ¼ 4) did not significantly change the basal phosphorylation state of Ser23 or Ser943 on Na þ ,K þ -ATPase a subunits or ATPase activity ( Figure 5A ) compared with that in vehicle-treated sham piglets (n ¼ 4). As expected based on previous work, 11 H-I significantly increased the level of Ser23 and Ser943 phosphorylation (n ¼ 6) and substantially decreased the Na þ ,K þ -ATPase activity (n ¼ 7) in the putamen at 3 hours of recovery. Treatment with SCH 58261 after H-I (n ¼ 6) markedly blunted the increase in PKA-dependent phosphorylation at Ser943 but not the PKC-dependent phosphorylation at Ser23. SCH 58261 posttreatment also significantly increased Na þ ,K þ -ATPase activity after H-I compared with vehicle treatment (n ¼ 7), although the value remained significantly less than that in the sham groups. SCH 58261 and H-I had no significant effect on the expression levels of the neuronal-specific Na þ ,K þ -ATPase a3 subunit or the more widespread a1 isoform at 3 hours of recovery.
Ebf1 and Gpr6 Immunoreactivity at 4 Days of Recovery in Hypoxia-
Protein kinase A and PKC can also phosphorylate NR1 at Ser897 and Ser896, respectively.
19 Hypoxia-ischemia increased the level of phosphorylation at both sites in putamen at 3 hours of recovery (n ¼ 6). SCH 58261 treatment (n ¼ 6) selectively reduced this increase in phospho-NR1 at Ser897 but not at Ser896. However, SCH 58261 did not change the basal level of phospho-NR1 Ser896 or phospho-NR1 Ser897 in sham-operated piglets (n ¼ 4 each). Moreover, H-I and SCH 58261 treatment did not affect the levels of total NR1 protein at 3 hours of recovery ( Figure 5B ).
Thr34 and Thr75 of DARPP32 are phosphorylated by PKA and cyclin-dependent kinase 5, respectively.
10 SCH 58261 treatment alleviated the H-I induction of phospho-DARPP32 Thr34 (n ¼ 6), but it had no effect on the basal level of phospho-DARPP32 Thr34 in sham-operated piglets (n ¼ 4 each). Hypoxia-ischemia and SCH 58261 treatment did not affect the levels of phospho-DARPP32 Thr75 or total DARPP32 protein ( Figure 5C ).
Nitrosative and Oxidative Stress After Hypoxia-Ischemia 3-Nitrotyrosine immunoreactivity and protein carbonyl formation were used as markers of nitrosative and oxidative stress. Hypoxiaischemia increased 3-nitrotyrosine immunoreactivity in membrane-enriched fractions of putamen tissues at 3 hours of recovery ( Figure 6A ). Treatment with SCH 58261 significantly reduced the immunoreactivity to levels similar to that in the sham-vehicle group. In addition, SCH 58261 had no effect on 3-nitrotyrosine immunoreactivity in the sham group.
Oxyblot analysis of carbonyl groups indicated similar results. Carbonyl formation was significantly increased in the proteins of the membrane-enriched fraction at 3 hours of recovery from H-I, and this increase was attenuated by SCH 58261 treatment ( Figure 6B ).
CGS 21680 Infusion Changes Phosphorylation of DARPP-32, NR1, and Na
We infused CGS 21680 (10 mmol/L) through microdialysis probes into normal piglet putamen (n ¼ 4) to determine if A 2A receptor activation could directly increase PKA-dependent phosphorylation on DARPP-32, NR1, and Na þ ,K þ -ATPase. CGS 21680 increased phosphorylation selectively at the PKA-dependent sites Ser897 in NR1 and Ser943 in Na þ ,K þ -ATPase compared with phosphorylation levels in the contralateral putamen (Figure 7) . The change in Thr34 phosphorylation did not attain statistical significance (Po0.14). No significant change was observed at the PKCdependent sites in NR1 or Na þ ,K þ -ATPase. Vehicle infusion did not alter the phosphorylation level at PKC-or PKA-sensitive sites (n ¼ 4). The levels of total NR1, Na þ ,K þ -ATPase a1 and a3, and DARPP32 protein were unaffected by CGS 21680 or vehicle infusion.
DISCUSSION
Our results showed that posttreatment of piglets with the selective adenosine A 2A receptor antagonist SCH 58261 after resuscitation from asphyxic cardiac arrest (1) reduces early neurologic deficits and protects striatal neurons, especially the Figure 5 . Effect of medial-dose SCH 58261 treatment after hypoxia-ischemia (H-I) on (A) phospho-and total Na þ ,K þ -ATPase (NKA) expression and activity, (B) phospho-and total N-methyl-D-aspartic acid (NMDA) receptor NR1 subunit expression, and (C) phospho-and total DARPP32 expression in a membrane-enriched fraction of putamen at 3 hours of recovery (n ¼ 4 to 7 per group). Synaptophysin (Syn) was used as a loading control. Optical density (O.D.) data (means ± s.d.) were normalized to the sham vehicle value. *Po0.05 versus sham vehicle group; # Po0.05 versus H-I vehicle group; one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls test. striatopallidal neurons; (2) reduces H-I-induced phosphorylation at PKA-dependent sites on DARPP-32, NR1, and Na þ ,K þ -ATPase; (3) mitigates H-I-induced suppression of Na þ ,K þ -ATPase activity; and (4) reduces nitrosative and oxidative damage to proteins. In addition, activation of A 2A receptors with the selective agonist CGS 21680 in nonischemic brain produced phosphorylation at the same PKA-dependent sites on NR1 and Na þ ,K þ -ATPase as those inhibited by the A 2A antagonist after H-I.
A 2A Receptor Antagonist Protects Neurons After Neonatal Hypoxia-Ischemia Extracellular adenosine can markedly increase during cerebral ischemia and have a critical role in limiting or augmenting damage.
1 Activation of presynaptic A 1 receptors is thought to provide protection by inhibiting release of excitatory neurotransmitters. 20 In contrast, activation of postsynaptic A 2A receptors may promote excitotoxicity. Therefore, the postsynaptic receptors represent a therapeutic target for treating brain ischemia, 2, 21 as supported by work in adult models of global and focal brain ischemia. 3, 4 In addition, A 2A receptors in astrocytes have been reported to contribute to b-amyloid-induced downregulation of astrocyte glutamate transporter expression and conceivably may have similar effects in downregulating glutamate uptake after H-I. 22 However, in immature brain, the role of A 2A receptors is less clear. Genetic deletion of A 2A receptors worsened brain injury and impaired behavioral performance after cerebral H-I in 7-day-old mice. 5 In contrast, SCH 58261 posttreatment after cerebral H-I showed protection in postnatal rats, but pretreatment was ineffective. 6 Divergent outcomes in genetic and drug studies may be related to deleterious adaptive changes in A 2A receptor null mice. These mice showed impaired LDF response to hypoxia. 23 Although these null mice have been reported to have a normal ratio of ipsilateral-to-contralateral LDF during an H-I insult, 5 it is possible that the absolute level of CBF was reduced in both hemispheres during H-I and recovery because of arterial hypotension and impaired cerebral vasodilation to hypotension and hypoxia with loss of cerebrovascular A 2A receptors. 24 Interestingly, we found that cardiac resuscitation was difficult in piglets treated with SCH 58261 before the induction of H-I. The antagonist likely impaired coronary vasodilation to H-I and thereby could have augmented the ischemic insult to the heart. With SCH 58261 treatment after reoxygenation, we found no effect on the recovery of LDF in cerebral cortex. Although it is possible that SCH 58261 could have reduced blood flow selectively in striatum, it is unlikely that such a reduction during reperfusion would have been responsible for the observed reduction in neuronal injury.
PKA-Dependent Phosphorylation Is Involved in Neuronal Death
After Hypoxia-Ischemia Protein kinase A-dependent phosphorylation is involved in regulating the functions of many proteins, such as Na þ ,K þ -ATPase and NMDA receptors. Na þ ,K þ -ATPase has critical roles in maintaining physiologic ion gradients, osmotic balance, resting membrane potential, and neuronal excitability. Although the precise mechanism is still unclear, PKA can suppress Na þ ,K þ -ATPase activity in the striatum. 25 In addition, PKA decreases Na þ ,K þ -ATPase activity in a cooperative manner with PKC. 26 Contrary to the suppressive effect on Na þ ,K þ -ATPase, PKA phosphorylation of NMDA receptors 27 enhances NMDA currents 28 and Ca 2 þ influx 29 and promotes forward trafficking of the receptor from the endoplasmic reticulum to the synapse. 30 However, effects of A 2A receptors on phosphorylation of Na þ ,K þ -ATPase and NMDA receptors are not well described.
In the current study, H-I induced the PKA-and PKC-dependent phosphorylation of Na þ ,K þ -ATPase and reduced its activity at 3 hours of recovery. Hypoxia-ischemia had a similar effect on the NMDA receptor NR1 subunit. In addition, H-I increased PKAdependent phosphorylation of Thr34 on DARPP-32, which is known to inhibit protein phosphatase 1 and permit sustained phosphorylation at PKA-dependent serine sites. These findings are consistent with those of previous reports. 11, 14, 17 To date, studies in immature brain have not examined the mechanisms of action of A 2A receptors specifically in striatum. SCH 58261 treatment achieved reductions in phosphorylation similar to those achieved with a D1 receptor antagonist in H-I piglets. 11 It attenuated the H-I-induced, PKA-dependent phosphorylation of DARPP-32 Thr34, NR1 Ser897, and Na þ ,K þ -ATPase Ser943 and improved striatal Na þ ,K þ -ATPase activity after H-I. Moreover, infusion of the A 2A agonist CGS 21680 increased the levels of PKA-dependent phosphorylation at NR1 Ser897 and Na þ ,K þ -ATPase Ser943. Although it is not precisely known how phosphorylation of Ser897 on NR1 modulates NMDA receptor function, the A 2A receptor-cAMP-PKA cascade does enhance NMDA-mediated calcium signaling. 31 Therefore, activation of the A 2A receptor-cAMP-PKA cascade does lead to phosphorylation of NMDA receptors and Na þ ,K þ -ATPase in vivo, and this phosphorylation may contribute to amplifying postischemic excitatory injury in striatum.
It should be noted that Gs protein-coupled adenosine A 2A receptor and Gi protein-coupled dopamine D2 receptor colocalize in striatopallidal medium spiny neurons and interact antagonistically to regulate cAMP level and PKA activity. The tonic effects of dopamine on D2 receptors suppress the A 2A receptor-cAMP-PKA cascade under physiologic conditions. 32 The positive effect of an A 2A antagonist in piglets after reoxygenation suggests that A 2A receptor stimulation of PKA is not completely suppressed by D2 receptors during the early hours of recovery from H-I.
SCH 58261 Preferentially Rescues Striatopallidal Neurons After
Hypoxia-Ischemia Adenosine A 2A receptors and dopamine D2 receptors mainly reside postsynaptically in striatopallidal medium spiny neurons; most dopamine D1 receptors are located postsynaptically in striatonigral neurons.
2,9 Thus, we anticipated that SCH 58261 would selectively rescue striatopallidal neurons with D2 and A 2A receptors. However, quantification of the precise number of D1-, D2-, and A 2A -positive cells is difficult because these receptors are diffusely distributed throughout the neuropil with less localization in striatal cell bodies. 11, 33 Ebf1 and Gpr6 can be used as alternative cell markers for D1-and D2-receptor-positive cells because they selectively locate in striatal neurons that project to nigra and globus pallidus, respectively. 34, 35 As expected from the colocalization of A 2A receptors with Gpr6-positive neurons, SCH 58261 treatment protected a greater proportion of Gpr6-positive cells than of Ebf1-positive cells after H-I injury. However, the A 2A antagonist also protected a small portion of Ebf1-positive neurons. One explanation is that crosstalk in the signaling between the two subpopulations of medium spiny neurons results in partial protection of one population when the excitotoxic stress in the other population is reduced. Another explanation could be related to the presence of striatal A 2A receptors presynaptically in the terminals of glutamatergic cortical-striatal pathway to striatal neurons that preferentially project to substantia nigra. 36 These presynaptic A 2A receptors form a heteromeric complex with A 1 receptors and facilitate glutamatergic neurotransmission by blocking the normal A 1 receptor-mediated inhibition of glutamate release. 37 Consequently, high levels of extracellular adenosine after H-I could activate presynaptic, low-affinity A 2A receptors, and augment glutamate release. Pharmacologic and genetic deletion of A 2A receptors supports this possibility in ischemic adult brain. 38, 39 Therefore, presynaptic and postsynaptic actions of A 2A receptors could be involved in the observed neuroprotection of both populations of medium spiny neurons in the selectively vulnerable putamen.
Neonatal H-I encephalopathy is a major cause of brain injury in newborns and can result in long-term devastating consequences. Interestingly, prolonged caffeine treatment for bronchopulmonary dysplasia in preterm human neonates also decreased the incidence of mild cerebral palsy and improved mental development at 18 months of age. 40 Although caffeine has multiple targets, its antagonist effects on A 2A receptors in striatum may have contributed to the improved neurologic outcome. Our study shows that treatment with the selective adenosine A 2A receptor antagonist SCH 58261 after H-I blunts phosphorylation of target proteins that are known to amplify neuronal excitability, alleviates nitrosative and oxidative protein alterations, accelerates neurologic recovery, and reduces ischemic injury to striatal neurons, particularly those known to project to globus pallidus. These findings in a large-animal model of neonatal H-I encephalopathy provide strong support that blocking A 2A receptor activation during early recovery from H-I is neuroprotective in selectively vulnerable striatum and suggest that this pharmacologic approach deserves further preclinical investigation for potential neonatal H-I therapy.
